In female rodents, hypothalamic norepinephrine (NE) has a role in stimulating the secretion of gonadotropin-releasing hormone (GnRH) that triggers the ovulatory surge of luteinizing hormone (LH). NE synthesis from dopamine (DA) is catalyzed by dopamine-b-hydroxylase (DbH) which contains a copper cofactor. Sodium dimethyldithiocarbamate (DMDC) is a pesticide with metal chelating properties that has been found to reduce DbH activity. The resultant decrease in NE causes a suppression of both the LH surge and ovulation. The present study examined the dose-related impact of DMDC on hypothalamic GnRH neuronal activation indicated by the nuclear presence of the early gene product c-fos. It represents an essential link between effects on NE and suppression of the surge. Ovariectomized (OVX), estradiol-, and progesterone-primed Sprague-Dawley rats were given a single ip injection of 0, 3.6, 7.1, 14.2, or 28.4 mg/kg DMDC in separate groups of females to assess tissue GnRH/c-fos immunostaining, hypothalamic catecholamines, and serial blood samplings for LH. A dose-related decline in hypothalamic NE and increase in DA at 2 h after DMDC administration were consistent with a decrease in c-fos-positive GnRH neurons, with an almost complete absence of c-fos at the two highest doses. The effects correlated well with a suppression of the surge, although the percentage decrease in c-fos neurons at 7.1 mg/kg only attenuated the surge peak, not the overall amount of circulating LH. The present data offer further evidence that the impact of DMDC on the LH surge is central in origin and in doing so defines the toxic pathway for this effect on ovulation.
Sodium dimethyldithiocarbamate (DMDC) is a metabolite of the pesticide thiram that itself has been employed in a variety of pesticidal applications as insecticide, fungicide, miticide, and microbicide. A dithiocarbamate, it is able to function as a metal chelator and has also found use in metal finishing operations and wastewater treatments to enhance the precipitation of metals (Andrus, 2000; Matlock et al., 2002) . This metal chelating property has been found to underlie many of the adverse physiological effects of DMDC, given that a large number of enzymes rely on metal cofactors for their activity.
In the rodent, noradrenergic neuronal input to the hypothalamus is an important component of those mechanisms involved in the secretion of gonadotropin-releasing hormone (GnRH) (e.g., Drouva et al., 1982; Helena et al., 2002; Kalra and Kalra, 1983; Kalra and McCann, 1974) . In turn, GnRH triggers the ovulatory surge of luteinizing hormone (LH) from the pituitary into the general circulation, an event in the female rat that is initiated on the day of proestrus, typically a few hours before the onset of the dark portion of the photoperiod. The neurotransmitter norepinephrine (NE) released from these noradrenergic neurons is converted from dopamine (DA) by the enzyme dopamine-b-hydroxylase (DbH), which requires a copper cofactor for its activity. There is now a body of evidence demonstrating that DMDC and related dithiocarbamates are able to suppress DbH activity, thereby decreasing NE synthesis and elevating its DA precursor (e.g., Lippman and Lloyd, 1969; Maj and Vertulani, 1969; Przewlocka et al., 1975) . In the rat, this effect is consistent with an abolition of the LH surge and the absence of normal ovulation (Goldman et al., 1994 (Goldman et al., , 1997 . The present study focuses on the impact of increasing doses of DMDC on the activation of hypothalamic GnRH neurons as indicated by the presence in nuclei of the early gene product c-fos (Lee et al., 1990; Rubin et al., 1994; Tsukahara, 2006) . It is hypothesized that a significant diminution in the percentage of c-fos-positive GnRH neurons in response to this toxicant will show a comparable decrease in the magnitude of the LH surge, thereby providing an essential link between the effects on hypothalamic NE and the suppression of the surge.
MATERIALS AND METHODS
Animals. After arrival, 60-day-old female Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC) were housed one per cage under controlled temperature (22 ± 2°C), humidity (40-50%), and lighting conditions (1410 h light:dark photoperiod, lights on 0500 h), with ad libitum access to food and water. All animal care, handling, and treatment procedures conformed to National Institutes of Health standards for laboratory animal research and were approved by the Institutional Animal Care and Use Committee at the National Health and Environmental Effects Research Laboratory.
Treatment. After a 1-week acclimation period, vaginal smears were taken on a daily basis for two additional weeks. Those females exhibiting normal 4-or 5-day estrous cycles were weighed and assigned to treatment groups, such that group mean body weights were comparable. Animals were bilaterally OVX under ketamine:xylazine (70:10 mg/kg) anesthesia. At that time, they were implanted with a 6-mm silastic capsule containing estradiol benzoate (Sigma Chemical, St Louis, MO 4 mg/ml in sesame oil) that at 3 days had previously been determined to result in serum concentrations of approximately 50 pg/ml (Goldman et al., 2007) . At 1145 h-1200 h on the third day after surgery, females were given sc injections of progesterone (2.5 mg/0.2 ml sesame oil) designed to elicit a full surge of LH. One hour after progesterone administration, the animals were injected ip with DMDC (Aldrich Chemical, Milwaukee, WI, 98% purity) at 0, 3.6, 7.1, 14.2, or 28.4 mg/kg body weight, dosages based upon prior work with the compound (Goldman et al., 2007) . The chemical was dissolved in 0.9% sterile saline just prior to dosing and administered in a volume of 0.1 ml/100 g body weight. Control females received saline only. Small 220 ll aliquots of blood were then gently expressed from a nick in a lateral tail vein into small serum separation tubes (Becton Dickinson, Rutherford, NJ) at 1400, 1600, and 1800 h. Animals were then killed at 2000 h and trunk blood taken. Sera from all time points were analyzed for LH in order to determine a dose-related effect on the surge peak and area under the curve (AUC).
Groups of comparably treated animals were killed by decapitation at 1500 h, just prior to the appearance of a rise in LH. The brains were carefully removed and frozen for assessment of hypothalamic catecholamines. While still partially frozen, anterior and posterior hypothalamic areas, along with caudate nuclei, were dissected out, using the following landmarks. A rostral cut was made at the anterior margin of the optic chiasm, while one was placed caudally at the anterior border of the mammillary bodies. Parallel rostrocaudal cuts were then positioned, one on each side, at the hypothalamic sulci. Finally, a horizontal cut was placed at the ventral margin of the anterior commissure. The hypothalamus was further divided into anterior (AH) and posterior (PH) regions by a coronal knife cut at the caudal margin of the optic chiasm. In addition, bilateral portions of caudate tissue were taken from the region anterodorsal to the midline appearance of the anterior commissure and extending to just below the corpus callosum. Catecholamine and tissue protein concentrations were determined as described below.
A third cohort of animals was OVX, steroid primed, and dosed with DMDC, as above, to assess the immunohistochemical presence of nuclear c-fos in identified GnRH neurons. Between 1445 h and 1515 h, females were anesthetized as before with ketamine:xylazine and were perfused intracardially with phosphate-buffered saline followed by 4% paraformaldehyde (Sigma Chemical). Brains were carefully removed and placed in paraformaldehyde (4°C) for an additional 4 h. The brains were then trimmed and transferred to a 25% sucrose solution for at least 18 h (4°C) until submerged. They were then encased in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA) and kept frozen (À 25°C) until sectioning. Every third 30-lm frozen coronal section was saved from the region just anterior to the organum vasculosum of the lamina terminalis to immediately posterior to the midline appearance of the anterior commissure, encompassing the region containing the great majority of GnRH cell bodies (Gross, 1976; King and Anthony, 1984; Ramirez et al., 1975; Wheaton et al., 1975) . Sections were placed in cryoprotectant (Watson et al., 1986) separately within a 24-well microplate and stored covered at À 25°C until staining.
Catecholamine determinations. Catecholamine concentrations were quantified by high-performance liquid chromatography (HPLC) and electrochemical detection. Weighed hypothalamic and caudate fragments were sonicated over ice as 1:11 dilutions in cold HPLC mobile phase and a 10 ll aliquot removed for tissue protein determination (Smith et al., 1985) , using materials obtained from Pierce Chemical (Rockford, IL). The mobile phase consisted of 115mM dibasic sodium phosphate (Fisher Chemical, Fairlawn, NJ), 0.19mM EDTA (Mallinckrodt, Paris, KY), 3mM 1-heptanesulfonic acid, sodium salt (Eastman Kodak, Rochester, NY), and 8% acetonitrile (Burdick & Jackson, Muskegon, MI) in HPLC grade water previously filtered and deionized through a Hydro PicoPure purification system (Durham, NC). Samples were then centrifuged (10 min., 13,000 rpm, 4°C) and each supernatant drawn off and filtered (Gelman Acrodisc LC13, 0.2 lM, Ann Arbor, MI) before being further diluted 1:2.5 in previously filtered mobile phase for HPLC injection. The HPLC system consisted of a Waters Model 515 isocratic pump (Milford, MA), Waters Model 717-Plus refrigerated autosampler, Waters lBondapak C18 (3.9 3 300 mm) reversed phase column, and an ESA Coulochem II 5200A electrochemical detector (Bedford, MA) with ESA model 5014 analytical and model 5021 conditioning cells. A flow rate of 1.5 ml/min was employed for all separations. NE standards for calibration were obtained from Sigma Chemical, and dihydroxybenzylamine was included as an internal standard, with the recovery averaging 95%.
Immunohistochemistry. Free-floating sections were transferred to mesh bottom wells and subjected to a double-staining procedure for c-fos and GnRH. Unless otherwise stated, all steps were carried out at 4°C, and each series of washes encompassed six 10-min rinses with 0.05M tris-buffered saline (TBS). Sections were initially washed of cryoprotectant before placement in a 3% hydrogen peroxide solution (45 min). Another series of washes was followed by a blocking solution of 10% normal goat serum and further TBS washing. The sections were then placed in c-fos antibody (Ab-5, EMD Biosciences, 1:80K) and incubated at 4°C for 48 h. They were subsequently washed with TBS and incubated with anti-rabbit IgG (2 h, room temperature) and then with avidin-biotin complex solution (90 min, room temperature, ABC Elite kit, Vector Laboratories, Burlingame, CA). After a TBS wash series, the c-fos antibody-peroxidase complex was stained with a solution of 3,3-diaminobenzidine HCl (DAB), H 2 O 2 , and NiSO 4 (Vector Laboratories, 11-14 min) to visualize a black nuclear reaction product. Tissues were then washed (63) with TBS and incubated at 4°C for 48 h in a 1:40K dilution of GnRH antibody (LR-2, kindly provided by Dr R. Benoit, McGill University). The subsequent procedure followed the same steps used for c-fos, except that DAB visualization of GnRH was performed for 3-4 min without the addition of NiSO 4 , yielding a brown reaction product. The staining specificity for c-fos and GnRH was determined in separate sections by elimination of antibodies for each. The sections were then positioned on slides and allowed to dry before being taken through graded alcohols and xylene. They were subsequently coverslipped under Permount mounting medium (Fisher Chemicals).
Hormonal assay. LH was determined by radioimmunoassay with materials obtained from the National Hormone and Peptide Program through Dr A. F. Parlow, Harbor-University of California-Los Angeles Medical Center, Torrance, CA. Chloramine-T 125 I tracer iodination was performed in-house, and LH assays were conducted according to recommendations provided by the supplier, with the sensitivity optimized by a 24-h coincubation of sample and first antibody prior to the addition of tracer. The assay sensitivity averaged 0.084 ng/ml, with respective intra-and interassay coefficients of variation being 5.8 and 7.0%.
Statistical analyses. Surge concentrations of serum LH in response to DMDC were analyzed for statistical significance by repeated measures ANOVA under the general linear models procedure of the Statistical Analysis System package. Since the time of appearance of a surge peak can vary among animals, the four sampled values for each animal were collectively shifted so that analyses could be performed on the peaks (or highest LH concentration), along with groups designated as À 6, À 4, À 2, þ 2, þ 4, and þ 6 h from the peak. Chi-square analysis was used to evaluate effects of the treatment on the time of appearance of the LH peak. AUC for these animals was computed using MedCalc software (Mariakerke, Belgium) and the data analyzed by the Kruskal-Wallis nonparametric ANOVA, followed by Dunn's multiple comparison test. The percentages of identified GnRH neurons with nuclei stained for c-fos were determined without knowledge of the treatment group. Arcsine transformations were then conducted on these percentage data before being analyzed by ANOVA. Catecholamine data were also evaluated for statistical significance by ANOVA. For comparisons against control groups, Dunnett's post hoc procedure was performed on all parametric analyses. Table 1 shows that a single administration of DMDC was able to decrease hypothalamic NE in a dose-related manner within both anterior and posterior fragments. Posterior hypothalamic DA concentrations were concurrently elevated, an effect consistent with a suppression in DbH activity. In contrast, caudate DA was unaffected as the region is without DbH activity and is virtually absent of detectable NE.
RESULTS
The influence of DMDC on the steroid-induced LH surge is presented as a comparison of both the peak amplitude of the surge (Fig. 1) and AUC over the four sampling times (Fig. 2) . The two lower doses of 3.6 and 7.1 mg/kg had no statistically significant effects on the AUC. However, there was a significant attenuation in the peak concentration at 7.1 mg/kg. The rise in LH at 14.2 and 28.4 mg/kg was completely abolished, and this was reflected in the dramatically reduced AUC. For the 0, 3.6, and 7.1 groups that did exhibit a surge, Figure 3A presents a comparison of individual data points for the peak concentrations, along with the preceding and subsequent 2-h collections. The results indicated that LH concentrations at the pre-or postpeak sampling times for these two lowest DMDC doses were elevated, indicating a general broadening of the time over which the rise in LH was present. Moreover, while all females in both the 0-and 3.6-mg/kg treatments had LH peaks at 1600 h (Fig. 3B) , results from the 7.1 group showed that four of seven animals had a significant shift in peaks to the 1800 h sampling time.
Assessments of the effect of DMDC on the percentage of GnRH neurons that were positive for c-fos showed that no effects were present at 3.6 mg/kg, although a modest but significant decline was apparent in response to the 7.1-mg/kg treatment (Fig. 4) . Compared to the controls, sections from both the 14.2-and 28.4-mg/kg groups exhibited a dramatic decrease in the presence of GnRH nuclear c-fos (Fig. 5) , with very few if any positively stained nuclei, an effect comparable to the full blockade of the surge at these dosages.
DISCUSSION
Previous data had established that various dithiocarbamates, as a consequence of their effect on catecholamine metabolism, are able to suppress the LH surge and ovulation (Goldman et al., 1994 (Goldman et al., , 1997 Kalra and McCann, 1974; Stoker et al., 1993) . Note. Females were killed between 1445 and 1515 h. All catecholamine concentrations are presented as ng/mg protein ± SEM *p < 0.05; **p < 0.01 versus controls.
FIG. 1. Influence of a single ip administration of DMDC on the LH surge in ovariectomized, steroid-primed females. For each group, hormonal profiles for samples taken at 1400, 1600, 1800, and 2000 h have been adjusted along the horizontal axis for the presence of the LH peak. Values are in ng/ml serum ± SEM. Group sizes are indicated in parentheses beside the key at the top right. *p < 0.05; **p < 0.01 for comparisons at that time against 0 dose controls. However, the actual impact of these compounds on GnRH neuronal activity had been inferred from the relationships among catecholamine alterations, circulating LH, and the impact on retrieved oviductal oocytes. For this class of compounds, the present study represents the first dose-related assessment of the extent of proestrous GnRH neuronal activation as it relates to both the impact on hypothalamic catecholamines and the dynamics of the LH surge.
It had been well established that the dithiocarbamates are able to suppress the activity of DbH by virtue of their ability to form a chelate complex with the Cu 2þ cofactors required for activity of the enzyme (e.g., Brodde et al., 1977; Caroldi and de Paris, 1995; de Paris and Caroldi, 1995) . Present effects, showing a depletion of hypothalamic NE and a rise in DA within a 2-h period, along with the lack of an effect within the DA-rich, but DbH-absent, caudate nucleus, were consistent with such a mechanism. In addition to these changes seen in rodents, a comparable alteration in DA metabolism has also been reported in humans exposed to elevated dithiocarbamate levels (Kaskevich, 1985) . At 14.2 and 28.4 mg/kg DMDC, the marked declines in hypothalamic NE paralleled quite nicely the near absence of GnRH c-fos and the complete suppression of the LH surge. In contrast, 3.6 mg/kg showed no significant alterations in any of the measures. It is at the mid-range dose of 7.1 mg/kg that some end points begin to inflect. While NE in both anterior and posterior hypothalamic regions showed small but statistically nonsignificant shifts downward, the peak of the LH surge was significantly lower. This decrease in the peak was not matched by a correspondingly diminished AUC, indicating that at this dose there was a broadening of the surge window, which became evident when data from individual animals were plotted from the period extending 2 h prior to 2 h after the LH peak. Moreover, the 7.1-mg/kg treatment showed that in 57% of animals, a significant delay occurred in the time of appearance of the peak. It would then appear that a dosage of DMDC, one that only showed a statistically nonsignificant decrease in hypothalamic NE, was still capable of producing a significant decline in c-fos-positive GnRH neurons, which in turn affected the observed modification in the LH surge. It is possible that this temporal shift in the surge peak in response to 7.1 mg/kg was linked to a corresponding delay in the augmentation of GnRH activity, so that the number of c-fospositive neurons would have continued to rise past the 1500 h perfusion. The appearance of such shifts in LH may correspond to a delay in oocyte release, something that our lab had previously observed following toxicant exposure . Consequently, an evaluation of oocyte numbers at a designated time on the morning of estrus in response to prior chemical insult may not necessarily reflect an impairment of the ovulatory process but merely a delay in ovulation.
Relationships among estradiol, noradrenergic input to the hypothalamus, and the generation of the LH surge have been known for some time. Along with previous studies showing the impact on the LH surge from a chemical depletion of NE (Hancke and Wuttke, 1979; Kalra and McCann, 1974; Simpkins et al., 1979) or surgical ablation of noradrenergic input from locus coeruleus to the rat hypothalamus (Franci and Antunes-Rodrigues, 1985; Helena et al., 2002) , there is additional evidence of a close relationship between a generated pattern of NE pulses and a concordant responsiveness of GnRH secretion (Pau et al., 1998 (Pau et al., , 2000 . Moreover, the expression of message in locus coeruleus for the NE precursor tyrosine hydroxylase is increased following estradiol treatment (CurranRauhut and Petersen, 2003; Serova et al., 2002) . A similar effect in locus coeruleus, following an iv infusion of estradiol, was seen in OVX rhesus macaques, along with an augmentation in hypothalamic NE secretion (Pau et al., 2000) . Thus, in the present study using steroid-primed OVX females, the correspondence among hypothalamic catecholamine concentrations, the impact of DMDC on GnRH neuronal c-fos and a suppression of the LH surge, strongly implicate a depletion in NE as the causal factor.
In summary, this study incorporated hypothalamic catecholamine concentrations, assessments of GnRH neuronal activation, and the succeeding impact on the LH surge. In doing so, it represents the first demonstration of parallel dose relationships among these three measures following a single exposure to an environmental toxicant known to target the synthesis of a neurotransmitter critical to normal regulatory activity within the female reproductive system. Coupled with the previously reported blockade of ovulation by DMDC, the present data define the toxic pathway through which this compound impairs normal reproductive function. 
